The identification of heparin-binding sites is important for understanding the physiological function of many secreted proteins. Most of the experimental techniques for mapping these sites do not define them to atomic resolution. The use of automated docking methods can aid this process by facilitating both the design of experiments and visualization of their results. A method designed for a systematic search over the whole protein surface for heparin-binding sites, using heparin oligosaccharide structures as ligands, is described, with its validation and details of several published applications. The scope and limitations of this crude but effective computational chemistry method are discussed.
Introduction
The complex glycosaminoglycan HS (heparan sulphate) [1] is found on cell surfaces and in the extracellular matrix in most animal tissues. Many secreted proteins bind to this polysaccharide, usually through the heparin-like regions of HS that are highly sulphated. The physiological functions of these interactions vary, and may not yet be fully understood, but in structural terms they are dominated by simple electrostatic interactions between positively charged basic amino acid residues such as lysine and arginine, and the negatively charged sulphates of HS. For this reason, it is common to use heparin, the particularly highly sulphated HS of mast cell granules, as a model compound for both experimental and theoretical studies.
Under conditions of low ionic strength, any positively charged patch on a protein's surface will attract heparin. However, interactions that have a biological function need to retain affinity at physiological ionic strength. The best characterized of such systems {heparin/antithrombin [2] ; HS/FGF-1 (fibroblast growth factor-1) [3] and FGF-2 [4] } involve specific hydrogen bonds as well as coulombic interactions. Though some 'consensus sequences' for heparin binding, such as XBBXBX and XBBBXXBX [5] have been identified, they are neither necessary nor sufficient to define a heparinbinding site. A minimum requirement that appears to be common to all heparin-binding sites so far studied appears to be a concentration of basic residues in a particular area of the protein surface (not necessarily close to each other in sequence), oriented in a geometry that matches the pattern of sulphate groups along the heparin/HS chain. This combination of charge and geometry is well suited to the computational methods (frequently used in 'drug discovery' methods) known as docking calculations, in which the most favourable mutual orientation of a protein and its ligand (usually a small molecule) is found using an energy term as a scoring function.
Methodology for docking calculations
Several programs for automated, systematic docking of ligand and protein are available; during our own initial investigations, another group independently developed a similar strategy to our own [6] . The method that follows is by no means uniquely successful; alternative strategies have been adopted successfully [7] .
Our method
Docking of heparin oligosaccharide ligands to protein model structures is performed with Autodock, version 2.4 [8] . This program allows for flexibility in the ligand structure but uses a rigid body protein approximation in order to speed up the calculation (so interactions in which a fit is achieved by altering the conformation of the protein may not be directly modelled in this way). The partial charges for protein atoms are taken from the AutoDock version of the AMBER force field [9] .
In our method, pentasaccharide model ligands consisting of three GlcNS6S (N-sulpho-D-glucosamine 6-Osulphate) residues separated by IdoA2S (L-iduronic acid 2-O-sulphate) residues (OMe-GlcNS6S-IdoA-2S-GlcNS6S-IdoA2S-GlcNS6S-OMe) are commonly used. Because the IdoA2S residue can adopt different ring conformations, two model ligands are needed, one in which all IdoA2S residues are in the 1 C 4 ring form and another in which the 2 S 0 ring form is adopted. These pentasaccharide model ligands have fixed glycosidic torsion angles, taken from a reported heparin NMR structure [10] . For this size of oligosaccharide, flexibility may be allowed for all exocyclic torsion angles. As the program puts a limit on the number of rotatable bonds, models of higher oligosaccharides will be more rigid; for a heptasaccharide, only the bulky sulphate groups are allowed to rotate and for an endecasaccharide model all bonds are fixed. Partial atomic charges required for the docking calculation are obtained by ab initio quantum chemistry calculations using the Jaguar program (Schrodinger, Portland, OR, U.S.A.) on 1-OMe 4-OMe substituted monosaccharides.
Grids of probe atom interaction energies are computed first; 84 Å (1 Å = 0.1 nm) grids with a spacing of 0.7 Å are used. The ligand probes are then docked by simulated annealing.
Typically, the lowest energy co-ordinate sets (five or ten) may be extracted for each ligand type and visualized using any one of several molecule viewers available.
Applications
Initial validation exercises were performed using FGF-2 [11] , FGF-1 ( Figure 1 ) and antithrombin. In all these cases, docking a ligand prepared from the NMR structure 1HPN, together with the crystal structure of the protein alone, gave results in good agreement with the crystal structure of the protein-heparin complex. In the case of antithrombin, it was reassuring to find that the heparin-binding site could be identified in spite of the absence in the ligand of the specific heparin sequence for antithrombin binding, and the conformational change that occurs on complex formation [12] .
Reproducing results from crystal structures is good for validation purposes, but in practice the method has been most useful in combination with techniques that cannot provide atomic resolution. Biochemical methods can often indicate which residues are involved in the interaction, with docking calculations used to illustrate the results; for interleukin-2, manual docking was initially used [13] , which was later confirmed by the systematic approach ( Figure 1B) . The method has also been used to develop models of the interaction between HS and the dimer of macrophage inflammatory protein 1a [14] , and of vascular endothelial growth factor [15] . The combination of docking calculations with NMR titration has been used to map the heparin-binding site on the [13] [14] F3 fragment of fibronectin [16] . Design of site-directed mutagenesis studies is another strength of this technique, as has been demonstrated for the inflammation-linked protein TSG-6 (tumour necrosis factor-stimulated gene-6) [17] . The systematic nature of this comprehensive search of the protein surface was particularly useful in this case; TSG-6 has a separate binding site for another, unsulphated, glycosaminoglycan (hyaluronan) and the docking method was readily able to distinguish between this site and the heparin-binding site.
Scope and limitations
Docking calculations are often used to achieve a close fit of a ligand into a known site; for example a carefully designed inhibitor into the active site of an enzyme. In our method, the whole surface of the protein is surveyed, and the purpose of the exercise is only to identify the position of the heparinbinding site, suggesting which amino acid residues are likely to be involved and which are not.
Our method does not provide a simulation of the interaction, or give any details of interactions between specific atoms in either structure. It may be used as a hypothesis generation tool, to guide the design of experiments such as site-directed mutagenesis, and it may also be used to help in the interpretation of observations already made (for example concerning the relationship of heparin and receptor-binding sites).
The method of including conformational mobility of IdoA (by using ligands in which this residue is either all 1 C 4 or all 2 S 0 ) is crude. In no case has the difference between the two conformations given rise to substantially different predictions. Comparing the pentasaccharide ligands, with flexible sulphates, and the endecasaccharide with no flexibility can be useful; the pentasaccharide will identify the 'core' binding site but a longer fragment such as the endecasaccharide may identify extensions, and give clues as to the preferred orientation of bound heparin. Note however that the method cannot distinguish between 180
• pairs of heparin orientations. The pattern of sulphates along fully sulphated heparin looks very similar in either direction, regardless of the directionality of the carbohydrate backbone. Our method cannot pinpoint the contribution of specific sulphate groups to the interaction.
The natural ligands of the proteins studied are likely to be less highly sulphated than the models. The protein may also oligomerize, displaying more than one heparin-binding site and requiring two sulphated regions with a 'spacer' between for maximum affinity [14] . These details are not best modelled using docking methods, and will await the refinement of methods such as full molecular dynamics simulations of the complexes in water at physiological ionic strength [18] .
Preparation of files relating to the ligand is the most timeconsuming part of the exercise, so that repeating calculations for multiple proteins with one ligand is an efficient use of time. This makes exercises such as docking to all the PDB files generated by an NMR structural determination practical. In general, the major effective differences between individual NMR structures for this exercise concern illdefined areas such as surface loops, and N-and C-terminal tails containing basic residues. Such exposed features may contribute to heparin binding, so docking to all the alternative conformations is one of the few ways of taking into account the flexibility of these regions. Heparin is known to have the ability to induce secondary structure in basic polypeptides [19] and again, the best way to simulate heparin binding to an unstructured, extended peptide will lie in the area of molecular dynamics.
It is essential also to pay attention to the co-ordinates used for the protein under study. The best source for coordinates is the PDB (http://www.rcsb.org/pdb/), and many PDB files can be used without further preparation. However, method using the dodecasaccharide model of heparin (from the PDB file 1HPN with protein co-ordinates from the PDB file 3INK) and on the right as determined by systematic docking of a pentasaccharide ligand using the method described in the present study. The ten lowest energy complexes are shown overlaid. Note that the docking calculations discriminate between the heparin-binding site confirmed by biochemical data (Lys 76 , Lys 32 , Arg 81 and Arg 83 ), and an alternative cluster of basic residues at the opposite end of the protein structure (Lys 48 , Lys 49 , Lys 54 and His 55 ).
it is necessary to know whether it is appropriate to look at a monomer or higher oligomer of the protein, and how to make up the structure needed from the PDB co-ordinates. It is also important to check that all the atoms and all the residues are present in the file; the header of the file will provide that information. For crystal structures, N-and C-terminal stretches may be missing because they are unstructured; this may be important either because heparin-binding residues are located in the missing stretch, and also because the new, artefactual N-terminus will be very basic and may be so placed as to create, with other neighbouring residues, a false heparin-binding site. Where there is no experimental structure for a particular protein, it may be possible to use a homology model, but of course this introduces extra sources of uncertainty to the procedure.
